To extend the engine life and to reduce exhaust pollution in diesel engines, lubrication properties were compared between the biodiesel blends and pure petroleum diesel. The biodiesel was used as lubricating additives on pure petroleum diesel at five different concentrations of 0 mass%, 10 mass%, 20 mass%, 50 mass% and 100 mass%, biodiesel blends were named B0, B10, B20, B50 and B100 biodiesel blends, respectively.
Introduction
The world is presently confronted with the twin crises of fossil fuel depletion and environmental degradation. Indiscriminate extraction and lavish consumption of fossil fuels have led to reduction in underground-based carbon resources. The reduced availability of energy resources has forced many governments to develop new energy sources to ensure continued national economic growth. Since petroleum oil is expected to be exhausted within 40 years, annual increases in oil prices are expected in the near future. Recent increases in crude oil prices, limited fossil fuel resources, and environmental concerns have renewed interest in the use of biodiesel produced from vegetable oils and animal fats. 1) Because the transportation and agricultural sectors are among the major consumers of fossil fuels, they are the biggest contributors to environmental pollution. Therefore, pollution can be reduced by replacing mineral-based fuels with renewable biofuels. Of the many different potential biofuels, biodiesel has attracted the most interest. Recent concerns over the environmental impact of diesel-powered machinery have driven various countries to legislate reductions in vehicle exhaust emission levels and changes to diesel fuel quality. To meet the requirements of reduced exhaust emissions, automakers have begun to explore alternative fuels such as biofuel. Therefore, to promote the use of biofuel, the performance and lubricity characteristics of biofuel blends used in a diesel engine must be evaluated. 26) For tribologists, continuing challenges in engine design include reduced emissions and increased operating temperatures. The resulting engine systems must also meet the strict emissions and fuel economy targets that have been recently established. 7) One of the main factors in the durability and tribological behavior of engine components and lubricants is fuel characteristics. 8) New engines tend to require improved diesel fuel lubricity to avoid excessive wear of the fuel injection system. 9) Combustion engine emissions are a major contributor to air pollution in urban areas. Vehicle emissions can be classified as regulated and unregulated pollutants. Regulated pollutants are carbon monoxide (CO), nitrogen oxides (NO x ), and unburned fuel or partly oxidized HC. The CO is a toxic combustion product resulting from incomplete combustion of hydrocarbons. 10) In the presence of sufficient oxygen, CO is converted into CO 2 . Since biodiesel is an oxygenated fuel, its combustion is more complete, which reduces CO emissions in the exhaust.
11) Biofuels are a feasible solution to the global petroleum crisis. Gasoline and diesel engines are the major sources of greenhouse gas (GHG) emissions. Scientists throughout the world are exploring various alternative energy resources to quench the everincreasing energy demands of the global population. 12, 13) Biodiesel is a clean burning mono-alkyl ester-based oxygenated fuel made from natural, renewable sources such as new/used vegetable oils and animal fats. 14) Although biodiesel contains no petroleum products, its main characteristics are similar to those of conventional diesel. Therefore, it can be blended in any proportion with mineral diesel to create a stable biodiesel blend. Many countries are seeking alternative fuels for diesel engines. So far, biodiesel is one of the alternative fuels being promoted. The search for alternative fuels is motivated by the goals of sustainable development, energy conservation, efficiency and environmental preservation.
Because biodiesel does not contain sulfur, it generates lower sulfate emissions and particulate matter compared to conventional fuels. The near absence of sulfur in biodiesel can help to reduce the problem of acid rain resulting from use of transportation fuels. The lack of aromatic hydrocarbon (benzene, toluene etc.) in biodiesel also reduces unregulated emissions such as ketone and benzene. Breathing particulate is a known human health hazard, especially in terms of respiratory system problems. The PM released by diesel engines includes elemental carbon, metals, and other substances.
Interest in diesel fuel lubricity has escalated since the early 90s. It was at this time that ultra low sulfur diesel fuel (<50 ppm) (ULSDF) was commercialized, and coincident with this, there was increased incidence of drivability problems and pump failures. The inherent lubricity of ultra low sulfur diesel fuels proved to be unacceptable. Karaosmanoglu et al. 15) studied the effects of biodiesel on engine behavior over a 50-h period and observed no remarkable changes. The results were considered promising for this fuel although diesel engines are expected to last much longer than 50 h.
The many studies of the effects of biodiesel on engine performance consistently show slightly decreased torque and power with increased specific fuel consumption. Although reported emission results for biofuels vary, most studies report lower CO, HC and smoke emissions and higher NO x emissions. Some studies have focused on engine wear resulting from the use of vegetable oils and its transesterified form. Since biodiesel improves combustion, combustion chamber temperature and oxygen are expected to increase. Therefore, biodiesel-fueled engines have increased NO x emissions. 16, 17) Pramanik et al. 18) found that a 50% blend of jatropha oil can be used in diesel engines with no major operational difficulties. However, further studies of the longterm durability of the engine are needed.
These reductions in exhaust emissions have caused changes in engine design for biofuel use and control of the fuel injector system. Therefore, in making an attempt to promote the use of biodiesel, is important to evaluate the performance and lubricity characteristics of biofuel-diesel fuel blends used in a diesel engine. Although many studies have confirmed acceptable performance results for engines operating with biofuels, very few have performed a long-term analysis of wear and maintenance. The popularity of diesel engines has increased in the recent years due to their high fuel efficiency and the low emissions.
1932) However, the durability and tribological behaviors of the fuel injection components of an engine that runs on biodiesel are unclear. The tribological a percentage mix in pure petroleum diesel are studied using a ball-on-ring wear tester in order to find the optimal concentration, and the mechanism of the reduction of wear and friction will be investigated by optical microscopy (OM) and scanning electron microscopy (SEM).
Experimental
This study investigated the fuel tribological properties, engine performance and emissions of biodiesels and pure petroleum diesel. A biodiesel additive was added to ultra low sulfur diesel fuel (less than 50 ppm) at weight percentages of 0 mass%, 10 mass%, 20 mass%, 50 mass%, 100 mass% (labeled as B0, B10, B20, B50 and B100). The essential fuel properties are given in the Table 1 . First, the tribological behavior of the injection system of a diesel engine using biodiesel blends was investigated. All biodiesels were reinjected without burning process after a filtering treatment (Fig. 1) . The average roughness (R a ) of the needle surface was measured to evaluate the tribological behavior of testing in various biodiesel. The roughness of the needle was measured before and after testing using a surface profiler. Next, the tribological behavior of the fuel injection plunger was simulated with a tribology friction ball-on-ring test.
The tribology wear tests used the ball-on-disk contact method with three different loads (30 N, 50 N, 70 N and 90 N) forcing a stationary ball against a rotating ring, forming the tribo contact (Fig. 2) . The ring was made of bearing steel (AISI 52100 steel with HRc of 6062, of composition: 0.951.05% C, 0.150.35% Si, 0.20.4% Mn, <0.027% P, <0.020% S, 1.31.65% Cr, <0.3% Ni, and <0.25% Cu) with 70 mm diameter and thickness of 17 mm. The ball used in this study was made of bearing steel GCr15 with hardness of HRc 5961 and diameter of 12.7 mm. Both surfaces were polished to roughness R a = 0.05 µm for ball and R a = 0.20 µm for ring. The mean diameter of wear scar on the ball was then measured from five identical tests using a digital-reading The
The ball-on-ring method is used to assess lubricity of fuel oils and fuels containing biodiesel additives. The concentrated contact is used in the ball-on-ring system. Typical measurement parameters defined in the PN-EN ISO 12156 standard were applied. The steel balls were rinsed in ethanol immediately and then the topography of the scar surfaces after the wear test was observed by OM and SEM. The third step was comparing biodiesel and petroleum diesel in terms of performance in a turbocharged diesel engine. The water-cooled diesel engine used in the engine test had a 4-cylinder four-stroke engine with direct injection (Fig. 3) . To examine the emission characteristics, a portable SINCRO exhaust gas analyzer (model EGA2001C) was used to measure the concentration of exhaust gases of the test engine such as hydrocarbon (HC) in part per million (ppm), dioxide (O 2 ) in percentage volume (%vol) and exhaust gas temperature (°C).
Results and Discussion
The study was performed in the following three steps.
Injection system simulation
The first tests compared petroleum diesel and a biodiesel blend in terms of friction produced in a fuel-injector operating for 400 h. The fuel injection plunger was made of bearing steel with 6 mm diameter and length of 35 mm. The injector plunger surfaces were also evaluated in terms of wear and surface roughness. Table 2 show the injector plunger surface roughness analysis results. Average roughness (R a ) determined through a surface profiler decreased from 0.453 µm to 0.335 µm after biodiesel usage, which indicated improved lubrication. The findings indicate that the biodiesel and biodiesel blend obtained a normal rate of wear on the engine injector plunger. Figure 4 shows that the injector plunger surface had no corrosion, scuffing or high wear.
Ball-on-ring test
The wear scar diameter and friction force of the additive concentration of biodiesel in pure petroleum diesel are obtained by tribological ball-on-ring test and shown in Fig. 5 , which indicates that adding biodiesel to petroleum diesel can reduce the wear scar diameter of steel balls in comparison with pure petroleum diesel. Overall, biodiesel-ULSDF fuel blends appear to be better lubricants at all concentrations, possibly due to their higher polarity. The optimal concentration of biodiesel in terms of minimizing wear scar diameter and friction force is 20 mass%. The fuel properties analysis results showed that the benefits of biodiesel include a high cetane value, extremely low sulfur and aromatic contents, and good lubricity. The molecules in biodiesel are primarily fatty acid methyl ester compound. It has a higher dynamic viscosity than petroleum diesel and is similar to surface active agents having a higher affinity with metal. It can be used as oil additives and enhance the lubricant, and reduce wear. The variations of the wear scar diameter for various loads for pure petroleum diesel and petroleum diesel adding 20 mass% biodiesel are shown in Fig. 6 . This figure indicates that the wear scar diameter of the ball increases with the applied load for both fuels. In using pure petroleum diesel, the diameter of wear scar increases sharply as applied load increases. However, for the usage of petroleum diesel adding 20 mass% biodiesel the wear scar diameter of the ball subjected to the same applied load has the stable increasing. A slight mass% of biodiesel exhibits improved load capacity wear resistance. Analysis of lubricity characteristics of the biodiesel fuel blends showed a nonlinear relationship between biodiesel concentration and wear loads. Compared to pure petroleum diesel, petroleum diesel adding slight biodiesels has better tribological properties in terms of loadcarrying capacity, antiwear and friction-reduction. Figure 7 (a)(c) shows the worn surfaces of the ball specimens tested at room temperature (30°C) for the biodiesel blends. Figure 7(b), (c) showed that the wear scar surfaces exposed to the 20 and 50% biodiesel contaminated lubricant appeared much smoother, which reduced material transfer. The percentage share of the lubricant film covering the surface under friction conditions increases as concentration increases. The protective films can reduce thermal energy in sliding contact and thereby improve lubricity. These lubricity enhancing films are most likely carboxylic acid moiety based. The above experimental results are attributable to biodiesel contamination acting as a friction reducing additive in pure petro-diesel. Its strong affinity for metal surfaces causes it to form a strong additional monolayer or chemical coating between moving surfaces, which substantially reduces wear tendencies. Figure 8 show the steel ring surface roughness analysis results. The surface exposed to pure petro-diesel after the lubricity test revealed a residue at the wear scar periphery and had a surface roughness of 0.565 µm. Average roughness (R a ) determined through a surface profiler decreased from 0.531 µm to 0.304 µm after biodiesel usage, which indicated improved lubrication. The surface roughness analysis also showed good results. A possible reason is that the additional lubricity properties of the biodiesel reduced friction.
Engine performance test
The third test uses four biodiesel mass% concentration (10%, 20%, 50% and 100%) in the engine, comparing engine performance and exhaust emissions with the baseline (pure petroleum diesel) case. Figures 912 shows that the fuel consumption is increased by 11.8% for the biodiesel case, the engine combustion temperature can be increased by 2.49% for the biodiesel case; the O 2 emission can be increased by 12.85%; smoke emissions can be reduced by a maximum of 15.89%. Biodiesel fuel has higher fuel consumption than diesel fuel but can reduce smoke. It is too low a calorific value to increase fuel consumption. Due to the high cetane number and oxygen concentration of biodiesel, combustion speeds improved hence thus reducing smoke. Oxygen concentration of biodiesel is very high, the combustion is more complete, increasing combustion efficiency and resulting in higher combustion temperatures. The experimental results suggest that adding biodiesel into petroleum diesel decreases engine smoke emissions, which are known human health hazards. Prior studies show that adding a small amount of biodiesel to pure petroleum diesel fuel considerably reduces friction and wear under boundary lubrication. All concentrations of biodiesel blends are apparently better lubricants, possibly due to their better polarity. Using biodiesel as a fuel additive in pure petroleum diesel fuel improves engine performance and exhaust emissions.
Conclusion
(1) Experiments showed that, compared to pure petroleum diesel, biodiesel produced much lower smoke emissions from a 4-stroke diesel engine. This is also due to oxygenated nature of biodiesel where more oxygen is available for burning and reducing smoke emissions in the exhaust. The Effect on Diesel Injector Wear, and Exhaust Emissions by Using Ultralow Sulphur Diesel Blending with Biofuels
